Introduction
Over the years there has been an escalation in the study of the properties of conducting polymers due to their wide variety of applications emerging in the market, such as in the case of lightemitting diodes, electrochemical supercapacitors, sensors, batteries, memory-storage devices, electrochromic displays, nonlinear circuit elements and ion gates [1] . The study of metals coordinated onto dendrimer structures dates back to the year 1992. This coordination of metal onto dendrimers generates what is known as metallodendrimers. The introduction of metal centers may occur at various branching points within the dendrimers, at the core or on the periphery of the dendritic molecule. Metals have played a significant role in the synthesis of other, non-dendritic supramolecular structures, and thus their potential applicability in the construction of metallodendrimers was evident [2] . The incorporation of metals onto dendrimer structures has resulted in materials/molecules with enhanced and potentially useful properties. Metals have played an important role in the synthesis of other supramolecules other than dendrimers. They have been used in the enhancement of the properties of those molecules and thus their potential in their application in the construction of the metallodendrimers was evident [1, 2, 3] . Due to their altered properties metallodendrimers have various application potential such as. They are also applied in sensing where they can influence the microenvironment around a redox centre and thus sterically mediate the transfer of electrons [4] . Recently the research focus has shifted to the copolymerization to prepare conducting polymers with better properties (properties of both the polymer) and to overcome limitations of the variety of new monomers. By applying the proposed electrochemical copolymerization, new conducting copolymers have been prepared with pronounced and clear advantages in terms of enhanced electrochemical property, thermal and environmental stability [5] . Star copolymers can be defined as a class of branched macromolecules that have a central core to which multiple linear polymer chains are attached. The 3D structure with extended conjugated linear polymer chains give star copolymers properties that are different from the typical 2D, linear polymers. The combination of star copolymer and conducting polymer structures open up an approach to making materials that have the favourable properties of both, i.e., improved processability and electrical conductivity. Improved process ability results from the spheroidal structure of hyperbranched, dendrimeric and starburst polymers [6] thus making them suitable for their applications in biosensors [7] . A Biosensor is a device that consist of a bioreceptor that is an immobilized sensitive biological element (e.g. enzyme, DNA probe, antibody) recognizing the analyte (e.g. enzyme substrate, complementary DNA, antigen) [8, 9] . Although antibodies and oligonucleotides are widely employed, enzymes are by far the most commonly used biosensing elements in biosensors. A transducer is used to convert (bio) chemical signal resulting from the interaction of the analyte with the bioreceptor into an electronic one. The intensity of generated signal is directly or inversely proportional to the analyte concentration [9] . Electrochemical transducers are often used to develop biosensors. These systems offer some advantages such as low cost, simple design or small dimensions. Biosensors can also be based on gravimetric, calorimetric or optical detection. In this study a nanobiosensor system was devised and used for the determination of the metabolism of delavirdine (DLV), a non nucleoside reverse transcriptase inhibitor (NNRTI) antiretroviral (ARV) drug. This is the first reported nanobiosensor where a dendritic copper generation-2 poly(propylene imine)-co-polypyrrole star copolymer was used in the detection of delavirdine. The techniques that are now available for the in vitro monitoring of ARV drugs are time consuming, require large sample size and are relatively expensive. These techniques that are currently being used include liquid chromatography, mass spectrometry and high performance liquid chromatography [9, 10] . Thus there is an urgent need to develop new analytical tools that would be easy to use, capable of identifying substrates and inhibitors of an enzyme, and allow quantification of substrate turnover [11] . The use of appropriate biosensor such as the one prepared in this study would be a welcome alternative, because they are generally of small size, capable of continuous measurements, and can measure analytes faster and at lower cost than traditional methods. Instrumentation: All electrochemical measurements were done using BASi epsilon from Bio Analytical Systems (BAS), Lafayette, USA. All cyclic voltamograms were recorded with computer interfaced to BASi epsilon using a 10 mL electrochemical cell with a three electrodes set up. The electrodes used in the study were (1) Platinum working electrode (A = 0.0201 cm 2 ) from BAS, (2) platinum wire from Sigma Aldrich acted as counter electrode and (3) Ag/AgCl from BAS kept in (3 M NaCl) was the reference electrode and alumina micro polishing pads were obtained from Buehler, LL, USA and were used for polishing the platinum working electrode before modification. HRSEM images were taken with a Hitachi S3000N scanning electron microscope at an acceleration voltage of 20 kV at various magnifications. All FTIR spectra were recorded on spectrum 100 FTIR spectrometer (PerkinElmer, USA) in a region of 400 to 4000 cm -1 . All samples were dried using Buchi rotarvapor and buchi waterbath from Labotech at 60 °C. Ultraviolet-Visible (UV-Vis) spectra were recorded on a Nicolet Evolution 100 (Thermo Electron Cooperation, UK).
Methodology
Synthesis of 2-Pyrrole functionalized Poly(propylene imine) dendrimer (G2PPI-2Py): The synthesis of G2PPI-2Py was carried out by, first, a condensation reaction of PPI with Pyrrole-2-carboxy aldehyde. A reaction mixture of PPI generation 2 (1 g, 3.15 mmol) and pyrrole-2-aldehyde (1.2 g, 12.625 mmol) in 50 mL dry methanol the mixture was magnetically stirred under a positive pressure of nitrogen gas for 2 d in a 100 mL three-necked round bottom flask. Methanol was removed by rotary evaporation, the residual oil was dissolved in 50 mL dichloromethane (DCM), and the organic phase was then washed with water (6 × 50 mL) to remove unreacted monomer. The DCM was removed by rotary evaporation and the desired product was an orange oil [7] .
Synthesis of generation 2 copper metallodendrimer Cu(G2PPI-2Py): Cu (OAC) 2 . H 2 O (1 mmol) and G2PPI-2Py (0.25 mmol) were mixed in 20 mL methanol. The mixture was refluxed for 4 h yielding a green precipitate. The mixture was cooled to 0 °C and the mixture was filtered under vacuum and dried in the oven at 300 °C. The product was recrystallized from 1:2 dichloromethane/ethanol mixture at -4 °C for 72 h [8] .
Pre-treatment of working electrode: A platinum working electrode was polished with 1, 0.5 and 0.03 µm alumina slurries in polishing pads, minimum of 5 min on each pad, after polishing, the electrode was ultra-sonicated for 15 min, with distilled water and absolute ethanol respectively to remove any possibly adsorbed alumina crystals on the electrode surface and rinsed carefully with distilled water. The above procedure resulted into a clean platinum working electrode.
Electrochemical polymerization of pyrrole on Pt electrode: Electrochemical polymerization of Py on Pt electrode surfaces was carried out in an electrochemical cell containing 5 mL of 0.1 M aqueous lithium perchlorate solution as support electrolyte and 75 µL of Py monomer. Electrochemical polymerization was achieved by CV (+800 mV to -800 mV), performed at a scan rate of 50 mV/s, for 30 cycles. Before applying the potential to the above polymerization solution, the solution was degassed by bubbling argon gas through for 15 min, and then maintaining it oxygen-free by keeping a blanket of argon above the solution. Oxygen was removed to ensure that it did not interfere with the electronic processes that take place on the surface of the electrode. It is during this electropolymerization process that PPy is electrodeposited on the surface of the coated electrode. The modified electrode (PPy/PtE) was then removed from the solution and rinsed with water to remove any traces of monomer.
Electrochemical polymerization of Pyrrole on Pt electrode surface coated with Cu(G2PPI-2Py): 3 µL G2Cu-PPI-2Py was drop-coated onto platinum working electrode and dried for 4 h. Electrochemical polymerization of Py on Pt electrode surfaces coated with Cu(G2PPI-2Py) was carried out in an electrochemical cell containing 5 mL of 0.1 M aqueous lithium perchlorate solution as support electrolyte and 75µL of Py monomer. Electrochemical polymerization was achieved by CV (+800 mV to -800 mV), performed at a scan rate of 50 mV/s, for 30 cycles. Before applying the potential to the above polymerization solution, the solution was degassed by bubbling argon gas through for 15 min, and then maintaining it oxygen-free by keeping a blanket of argon above the solution. It is during this electropolymerization process that PPy is electrodeposited on the surface of the coated electrode. The modified electrode (Cu(G2PPI)-co-PPy) was then removed from the solution and rinsed with water to remove any traces of monomer.
Fabrication of CYP 3A4 biosensor: (Cu(G2PPI)-co-PPy)/BSA/Glu/Pt: CYP3A4 was immobilized on the (Cu(G2PPI)-co-PPy)/Pt by drop-coating. 3 µL of a 1 M enzyme solution, containing 2.0 mg BSA and CYP3A4 was carefully drop-coated onto the G2Cu-PPI-2Py modified Pt electrode. 2 µL 2.5% glutaraldehyde solution was drop-coated onto modified electrode. The enzyme-modified electrode was then covered with a tight fitting lid for the first 10 min to form a uniform layer, after which, the lid was removed and the enzyme layer was slightly dried for another 40 min, but still retaining wet camera (wet camera consisting of CYP3A4, glutaraldehyde and BSA) after which the prepared biosensor was immediately placed at 4 ºC for at least 1 h. The CYP3A4-based biosensor was denoted CYP 3A4/ (Cu(G2PPI)-co-PPy)/Pt. Preparation of Delavirdine stock: 5 mg of powder delavirdine drug was placed in a 100 mL volumetric flask which was filled up to the mark with 0.1 M sodium phosphate buffer solution, pH 7.4. Un-dissolved components were removed by filtering the formed suspension through a Whatman polytetrafluoroethylene 35 syringe filter (pore size 0.3 µm) into a clean storage bottle and the concentration of prepared delavirdine was found to be 100 µM. The solution was used as stock delavirdine solution from which all the other working solutions were prepared using appropriate dilutions with 0.1 M sodium phosphate buffer pH 7.4. Fig. 1 : FTIR spectra of (Cu(G2PPI-2Py) and G2PPI-2Py.
Results and discussion
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Journal of Nano Research Vol. 44 Table 1 : Bonds and their respective frequencies in the structure of the G2PPI-2Py and (Cu(G2PPI-2Py) metallodendrimer
To confirm that the Copper was incorporated onto G2PPI-2Py, FTIR analysis of Cu(G2PPI-2Py) was conducted. Fourier transform infrared spectroscopy was used to determine the structure of the G2PPI-2Py dendrimer and the (Cu(G2PPI-2Py) metallodendrimer. Fig. 1 shows the FTIR spectra of (Cu(G2PPI-2Py) and G2PPI-2Py while Table 1 shows the types of bonds that are present in the molecules as well as their respective wave numbers. The FTIR spectra shows characteristic (NH), ν(C=C), ν(C-N) aliphatic bond bands at, 3413 cm -1 , 1642 cm -1 , 1306 cm -1 for the pyrrole ring for both the (Cu(G2PPI-2Py) and G2PPI-2Py complexes. The broad band at 3413 cm -1 represents the N-H stretching vibrations in the pyrrole ring while the C-N bond of the dendrimer moiety is found at 1250 cm -1 . The spectra of G2PPI-2Py shows out-of-plane bending of the C-H bond located at the α position in the Py ring appearing at 729 cm -1 while the sharp band at 1634 cm -1 is assigned to the N=C bond stretching vibration present in the dendrimer moiety. The appearance of these two characteristic peaks confirms the functionalization of the amine groups of PPI by 2-Py. (Cu(G2PPI-2Py) compared to G2PPI-2Py was found to have an increase in the intensities of all its peaks. This phenomenon can be attributed to the codative bonding that exists between the dendrimer moiety and the metal which can sometimes be described as an artificial bond. This signifies that there was no breakage of existing bonds or formation of new bonds after addition of the copper metal. This phenomenon is also observed on the spectra of the (Cu(G2PPI-2Py) metallodendrimer where no evidence of new peaks was indicated but showing only those of covalent bonding between 2-Py and the dendrimer moiety. Fig. 2: HRSEM images of (a) PPy, (b) G2PPI-2Py, (c) (Cu(G2PPI-2Py) and (d) (Cu(G2PPI) The morphologies of PPy, G2PPI-2Py, (Cu(G2PPI-2Py) and (Cu(G2PPI)-co-PPy) were characterized with high resolution scanning electron microscopy (HRSEM) and their images are shown in Fig. 2 (A) , Fig. 2 (B) , Fig. 2 (C) and Fig. 2 (D) respectively. Fig. 2 (A) shows tightly packed cauli-structures which is characteristic of polypyrrole. From Fig. 2 (B) it can be seen that the SEM image of G2PPI-2Py portrays a rough surface and a tightly packed structure which can be attributed to the sticky nature of the dendrimer; whilst that of the Cu(G2PPI-2Py Fig. 2 (C) shows that the surface of the material was smooth and less densely packed. There was a change in the surface morphology of the dendrimer moeity after it was functionalized with the copper metal. Also observeble on the images is the presence of cavities on the suface of the metallodendrimerare cavities which are beneficial for entrapment or the adsorption of enzymes. These cavities allow for much more enhanced stability of the enzyme onto the electrode thus act as good support material for their application in biosensor development. Fig. 2 (D) shows the smooth film structure of (Cu(G2PPI)-co-PPy). The UV-vis absorption spectrum of polypyrrole (PPy) shown in Fig. 3 shows maximum absorption peak at approximately 387 nm which can be attributed to the π-π* transition of the pyrrole ring. The spectrum of (Cu(G2PPI-2Py) showed a peak at 442 nm which can be attributed to the π-π* transition. The spectrum of (Cu(G2PPI)-co-PPy) showed a characteristic peak where the peak at 393 nm. which can be attributed to the interaction between ligand to metal charge. The nature of interaction between the valence band and conduction band as well as the band gap size determines the optical properties of semiconducting materials. The energy band gaps of PPy, (Cu(G2PPI-2Py) and (Cu(G2PPI)-co-PPy) were determined to be 5.14 ,4.50, and 3.85 eV, respectively, as shown in Table 2 signifying that the copolymer is characteristic of a biocompatible platform for applications in biosensors. 4 presents the cyclic voltammograms of Cu(G2PPI-2Py) which shows an increase in current with an increase in scan rate signifying an electrochemistry of surface bound species. The Cathodic peak observable at -720 mV is due to the reduction of copper that was incorporated into the dendrimer moiety from Cu 2+ -Cu + , whilst the anodic peak at -584 mV is due to the oxidation of the Cu + to Cu 2+ . Fig. 5 (A) and (B) shows cyclic voltammograms for the electrochemical polymerization (+800 mV to -800 mV) of pyrrole on a Pt electrode and electrochemical polymerisation of Py onto Cu(G2PPI-2Py)/PtE respectively performed at a scan rate of 50 mV/s for 30 cycles in lithium perchlorate. Fig.  5 (A) At the initial oxidation step, the radical cation of the monomer is formed and reacts with other monomers present in solution to form oligomeric products and then the polymer. It is observed that there is an increase in current with increasing number of cycles which is characteristic of deposition of an electroactive material on the surface of the electrode. Polymerization of the monomer shows a reduction peak at -144 mV which is due to the monomer being deposited on the electrode surface. While the peak at +66 mV is due to the formation of polymer chains. There is an observable shift in the anodic potential towards the negative potential with an increase in number of cycles. This is due to the extended conjugation in the polymer which results in a lowering of the oxidation potential compared to the monomer. The polymer is therefore more easily oxidized at the applied potential which is the oxidation potential of the monomer. Therefore, the synthesis and doping of the polymer are generally done simultaneously. The anion is incorporated into the polymer to ensure the electrical neutrality of the film and at the end of the reaction, a polymeric film of controllable thickness is formed at the anode. In Fig. 5 (B) . The electrochemical polymerization of pyrrole is characterized by an increase in current with an increase in the number of cycles. There is observed separation between the anodic and cathodic scans which are attributed to the good conductivity of the star copolymer doped with copper nanoparticles. The broadness of the cathodic and anodic peaks is due to the slow movement of the electrons during the polymerization process. The cathodic peak at -86 mV is due to the dendrimer attached on the surface of the electrode and peak at +125 mV can be attributed to the deposition of pyrrole onto already existing copper metallodendrimer on the surface of the electrode, while the peak at +491 mV in the anodic scan can be attributed to the formation of the copolymer chain. The electropolymerization of pyrrole onto Cu(G2PPI-2Py) /PtE gave a higher current response and 3 visible peaks in comparison to that of pyrrole deposited onto the platinum electrode, this can be attributed to the fact that the pyrrole is deposited on an already conductive surface which is due to the presence of Cu(G2PPI-2Py). 4 phosphate buffer at the potential window of (-800 mV to 400 mV). There are two peaks that are observable in the voltammograms where the anodic peak at -501 mV is due to the oxidation of the pyrrole while the cathodic peak at -673 mV is due to the deposited pyrrole onto the electrode surface. There is a shift of the cathodic potential towards more negative potential with an increase in scan rate from -590 to -750 mV showing a more readily reduced species. There is an observable linear increase in the anodic peak current with an increase in scan rate which indicates the occurrence of the electrochemistry of surface confined species. There is no shift in the anodic peak current indicative of a surface bound species. ∆E p [E p,a -E p,c ] was calculated for the polymer film grown at different scan rates resulted in a value of ∆E p greater than 65 mV. Fig. 6 (B) indicates an oxidation reaction that was occurring at E pa which was seen to be diffusion controlled with a correlation co-efficient of R 2 = 0.9424 and a diffusion co-efficient of D o = 1.243 x 10 -5 cm 2 /s; indicating a faster electron transfer kinetics within the diffusion layer. The reduction current peak (Epc) had a correlation coefficient of R 2 = 0.9634 linearity in the Rendle Sevčik plots obvious case was that this reductive reaction that was occurring at that potential was diffusion controlled, and a diffusion co-efficient of 5.528 x 10 -5 cm 2 /s indicating a slower electron transfer compared to the anodic electron transfer. The cyclic voltammograms of Cu(G2PPI)-co-PPy are plotted in Fig. 7(A) The oxidation state of copper in the complex was found to be +2 and the number of electrons that are found in the system were determined to be n = 1. ∆E p [E p,a -E p,c ] was calculated for the polymer film grown at different scan rates resulted in a value of ∆E p lower than 65 mV. This suggested that the polymer exhibited reversible and a fast electrochemistry. The cathodic peak at -588 mV is seen to be increasing with an increase in scan rate. There is an observable cathodic shift in the peak potential to -588 mV due to the extended conjugation in the polymer which results in the lowering of the oxidation potential of the polymer. The anodic peak (-448 mV) is due to the change in the oxidation state of the copper metal that is present in the copper complex as seen with the mechanism Cu + ↔ Cu 2+ + e -. There is no shift in the peak with an increase in scan rate, this is indicative of a surface bound species thus the (Cu(G2PPI)-co-PPy) copolymer is a surface bound species. There is an increase in the anodic peak currents of the (Cu(G2PPI)-co-PPy) which is indicative of the conductivity of the material. The cathodic peak (+182 mV) is given by the mechanism Cu 2+ + e -↔ Cu + . There was an increase in the cathodic current with an increase in scan rate. In Fig. 7 (B) it is indicated that the oxidation reaction occurring at E pa was diffusion controlled with correlation co-
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Journal of Nano Research Vol. 44efficient of r 2 = 0.9111 with a diffusion co-efficient which was found to be D o = 8.6374x 10 -5 cm 2 /s; indicating a slower electron transfer kinetics within diffusion layer. However, the reduction current peak E pc had a correlation co-efficient of r 2 = 0.8976 indicating no linearity in the Randle Sevčik plot as a result of the fact that the reductive reaction occurring at that potential was adsorption controlled rather than diffusion controlled, with a determined diffusion co-efficient of 5.5270 x 10 -5 cm 2 /s. The cyclic voltammograms shown in Fig. 7 (A) shows a higher current response than the one in Fig. 6 (A) and it contains 3 peaks, where the cathodic peak at (+182 mV) is due to the change in the oxidation state of the copper that is present in (Cu(G2PPI)-co-PPy) which is not present in polypyrrole. Comparative studies between PtE, PPy, (Cu(G2PPI-2Py) and Cu(G2PPI)-co-PPy PPy represented by Fig. 8 shows that there is an observed increase in the formal potential (E 0 ) for the (Cu(G2PPI)-co-PPy) system than the PtE, PPy and (Cu(G2PPI-2Py) systems, where (E 0 ) was -710 mV, -705 mV, -650 mV and -590 mV respectively. There is also an increase in the observed peak current indicating that (Cu(G2PPI)-co-PPy) has better current resolution and thus is more conductive than PPy and (Cu(G2PPI-2Py) This confirms that this co-polymer is a more suitable material for application in the construction of biosensors since it will function as a better electron mediator than (Cu(G2PPI-2Py) and PPy alone. The voltamograms in Fig. 9 shows an increase in current with an increase in scan rate. At lower scan rates (10 -50 mV/s) there is a linear increase in the current with an increase in scan rate. At scan rates from (60 -90) mV/s there is a sharp increase in the current thus the use of scan rates below 20 mV/s would be favourable for the studies using this nanobiosensor system to avoid such instance. Observed is a shift in the anodic potentials towards more oxidative potentials characteristic of a species which is more prone to oxidation. The peaks were characterised by the reduction peak at E pc = +406 mV is deduced to be due to the catalytic current produced by the nanobiosensor due to the presence of the enzyme. 
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The nanobiosensor showed that it is responsive towards the analyte whose structure is shown in Fig.  11 . The response was observed after the addition of 0.06 nM of DLV which showed an increase in the current produced with DLV addition as shown in Fig. 10 . The electrochemical behaviour of the nanobiosensor was evaluated using CV. CV was used to study the behaviour of the nanobiosensor to successive additions of delavirdine drug under aerobic conditions as shown in Fig. 13 . The presence of oxygen in the system is essential for the binding of oxygen to the heme group that is present in the CYP3A4 enzyme in the Fe 2+ state. In the absence of the analyte there is no oxidation and reduction peaks observed. With successive addition of delavirdine drug. There was an observed increase in the peak currents resulting from the current response generated by the electron transfer reaction occurring between the enzyme CYP3A4 immobilised and the substrate delavirdine. There was a slight shift in the potential towards positive potential values with an increase in substrate concentration which can be attributed to the conversion of Fe 4+ oxidation state of the CYP 3A4 enzyme to Fe 3+ which can be attributed to the reduction of the CYP3A4 enzyme by delavirdine by the mechanism shown in Fig. 12 . From the analyte concentration of 0.1 nM there was no observable change in the peak current which can be attributed to the saturation of the biosensor system where the analyte can no longer be bound on to the active site of the CYP 3A4. From the linear range calibration curve for the CYP 3A4 detection plot as seen in Fig. 14 the limit of detection and sensitivity of the nanobiosensor towards delavirdine were estimated and calculated to be 0.025 nM and 0.379 µA/nM. The biosensor has a DLR of 0.01 nM -0.06 nM 
Conclusion
This study is the first study to take advantage of the remarkable properties that are brought about by the combination of two polymer properties combined with a metal centre that has the ability to act as a catalyst and source of electrons which are essential in the reduction process of delavirdine. The copper incorporated star copolymer was electrochemically synthesised successfully. UV-Vis spectroscopy showed that the star-copolymer to have a lower band gap energy than that of polypyrrole and Cu(G2PPI-2Py) alone. Thus signifying that the star copolymer is a more suitable and biocompatible material. Due to its high conductivity it can therefore be used in applications in different fields such as sensors, membranes and photo related applications. The lowest observed plasma concentration (C min ) value of delavirdine found in plasma is 0.1 nM -0.045 mM. The nanobiosensor developed in this study falls within the C min value of delavirine indicating that the developed nanobiosensor can be used successfully in real human samples. These results are indicative of a good nanobiosensor that can detect very low drug concentrations amongst HIV/Aids affected patients and to assist in the determination of the metabolic profile of these patients and ensure that they are given a proper dosage based on their individual metabolic rates
